The relationship between animal mating system variation and patterns of protein polymorphism and divergence is poorly understood. Drosophila provides an excellent system to address this issue, as there is abundant interspecific mating system variation.
INTRODUCTION
Most duplicate Acps described here were accidentally amplified during our earlier survey (WAGSTAFF and BEGUN 2005b) as secondary PCR products from primers designed from D. mojavensis accessory gland ESTs. Sequence data from each putative duplicate Acp were used to design duplicate-specific PCR primers for amplifying additional copies. However, the very short length of some Acps under investigation made it difficult to isolate duplicates from all of the fly lines in this survey. Expand Highfidelity polymerase (Roche Molecular Biochemicals) was used for PCR amplification.
Single alleles for sequencing were isolated by TOPO vector (Invitrogen, USA) cloning of PCR products. PCR-amplified colony-PCR products and their associated sequences were obtained using M13 reverse and T7 vector primers. All sequencing was done on an Applied Biosystems 377 automated sequencer (ABI, USA).
Organization of Duplicated Acps
Patterns of sequence divergence (see below) in most cases provided unambiguous evidence that the Acps in question are duplications rather than highly diverged alleles.
However, we used molecular and further computational analysis to investigate the genomic organization of putative duplicate Acps. Under the premise that recent duplications are often tandemly arranged, we designed PCR primers to amplify genomic DNA across the putative duplicates. We used LA-Taq long PCR polymerase (TaKaRa, Japan) with an extension time of ten minutes and cycling parameters according to manufacturer's instructions. Successfully amplified fragments were end-sequenced to confirm that the amplified product corresponded to the expected genomic sequence under the tandem duplication hypothesis. Outgroups were determined by pairwise distance estimates and corroborated by PAML branch length output. For genes sampled for multiple alleles, one random allele was chosen for PAML analyses. Alignments were generated using the DNASTAR software package (Lasergene, Madison, WI), and manually adjusted where appropriate. Indel variation for codon positions that were gapped in > 50% of the aligned sequences were omitted from the analyses. PAML tests for branch heterogeneity compared likelihood estimates from the free-ratio model to estimates from the one ratio model (model = 0).
We then tested entire gene trees for significant evidence of dN/dS > 1 by comparing the one ratio model to a one ratio model with dN/dS = 1 (fix_omega = 1; omega = 1). To test whether the dN value of a given branch significantly exceeds the dS value (Acp27 only), we used the two ratio model (model = 2) and set all background branches to have the same dN/dS value. The branch of interest was either allowed to be free or was fixed at dN/dS = 1. For likelihood ratio tests, twice the log-likelihood difference was compared to a X 2 distribution with one degree of freedom (or [# of branches -1] for the branch heterogeneity tests) to determine significance levels.
RESULTS

Evidence of Gene Duplication
In the course of our molecular population genetic analysis of 18 Acps in D.
arizonae and D. mojavensis (WAGSTAFF and BEGUN 2005b) , sequence data from four genes revealed alleles that were unusually highly diverged from the majority of alleles sampled. These genes were clearly related to the target genes, but had levels of divergence that in most cases could only be plausibly interpreted as evidence of gene duplication. Table 1 provides a summary of alleles sampled and the number of fly lines that have been verified by PCR to carry particular putative duplicate gene copies.
Under the assumption that recent duplicate Acps likely originated through unequal crossing-over and were, therefore, organized tandemly, we designed PCR primers to amplify intergenic sequence between putative paralogs. We successfully amplified intergenic sequences (data not shown) for Acp16a-b, Acp21a-b, and Acp27a-b, thereby confirming their duplicate status. BLAT analysis of the D. mojavensis assembly (UCSC Genome Browser) supports the proposition that the other highly diverged "alleles" isolated in our previous work (WAGSTAFF and BEGUN 2005b) are actually tandem duplicates. Table 2 shows the scaffold assembly positions of these paralogs. Thus, there is PCR evidence and/or support from genome assemblies for the duplicate status of the Acps discussed here.
Polymorphism and Interspecific Divergence of Duplicate Acps
Polymorphism and interspecific orthologous divergence of several duplicate Acps (Acp5a, Acp16a, Acp16b, Acp21a, and Acp27a) was previously reported in WAGSTAFF and BEGUN 2005b. We include these data in Table 3 along with the newly reported duplicates. Maximum-likelihood analysis of the Acp5 duplicate gene family reveals very high rates of protein evolution along most gene-tree branches, with average dN/dS = 2.982 (Fig. 1B) . The complete gene tree has a dN/dS ratio that is significantly greater than one ( Fig. 1B ; P < 0.01) and provides no evidence of branch heterogeneity. We report individual branch dN/dS estimates as a guideline for future investigations (Fig. 1A) .
However, the lack of evidence for branch heterogeneity precludes individual branch hypothesis testing. Similarly, the Acp16 gene-tree shows high non-synonymous divergence along most branches ( Fig. 2A ), significant evidence of adaptive evolution, with an average dN/dS = 1.923 ( Fig. 2B ; P < 0.05), and no statistical evidence for branch heterogeneity (Fig. 2B ). Note that, although our PCR and sequencing efforts only identified D. mojavensis alleles for both Acp5c and Acp16c, paralogous synonymous and non-synonymous divergence associated with both duplicates (Table 5 ) greatly exceed average levels of orthologous divergence (Table 3) . Thus, our failure to identify D.
arizonae alleles might be explained by interspecific divergence that was too great to amplify D. arizonae alleles using primers designed from D. mojavensis DNA sequences or by loss of duplications in D. arizonae. As the genome assembly becomes more complete, a strategy of long PCR, cloning, and sequencing should reveal the full complement of Acp5 and Acp16 duplicates in D. arizonae and D. mojavensis.
Divergence estimates and tests of branch heterogeneity for Acp21 and Acp27 are shown in Table 6 . Both gene families generally show little synonymous divergence and very high levels of non-synonymous divergence. However, in many cases an informative estimate of dN/dS can not be reported because synonymous divergence is too close to zero. The Acp21 gene family shows dramatically higher levels of non-synonymous vs.
synonymous divergence, with dN/dS ratios significantly greater than one for the complete gene tree (P < 0.001) and all three branches are individually estimated at dN>dS.
Because there is no significant evidence of Acp21 branch heterogeneity ( (BEGUN et al. 2000; SWANSON et al. 2001; KERN et al. 2004) . This rapid evolution is often interpreted as evidence of natural selection, which is thought to play an important role in sperm competition and male-female postcopulatory interactions (RICE 1996; SWANSON and VACQUIER 2002 The four D. arizonae/D. mojavensis Acp gene families investigated here evolve more rapidly than putative single-copy Acps, with evidence of adaptive evolution in all four families. These results are consistent with observations suggesting gene duplication can facilitate adaptive protein evolution (OHNO 1970; OHTA 1994; LI 1995) .
Interspecific dN/dS ratios for all duplicate Acps varied from 0.808 to 4.121, significantly exceeding the distribution of dN/dS ratios for putative single-copy Acps. Moreover, paralogous dN/dS ratios were even higher, demonstrating a broad timeframe for adaptive There is no significant evidence of branch heterogeneity; however, the complete Acp5 gene tree has dN/dS > 1 (P < 0.01).
ω , dN/dS ratio; 2∆ℓ, likelihood ratio test; df, degrees of freedom; NS, not significant. 
